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Cytoskeletal arrangements suitable for cell division
are incompatible with those needed for morphogen-
esis. Recent studies have identified inhibitory
phosphorylation of Cdk1 as a key mechanism for
postponing mitosis to allow gastrulation.
Embryogenesis requires the production of sufficient
cells, the correct placement of these cells within the
embryo and the assignment to them of appropriate
identities. Complications arise because cell division and
cell migration seem incompatible. Mitosis requires the
assembly and disassembly of a complex microtubule
network to ensure faithful DNA segregation, and cytoki-
nesis requires remodeling of the actin network. These
events appear incompatible with the cytoskeletal re-
arrangements required for the cell movement, adhesion
and morphology integral to gastrulation (Figure 1A,B).
In the externally deposited eggs of frogs and flies, the
first stage in embryogenesis is devoted to rapid cell
divisions which are then slowed down to allow cell
movements of gastrulation. How the cell cycle machin-
ery is modulated to effect this developmental switch is
the subject of a recent study in Xenopus [1].
It is noteworthy that the disruptive influence of cell
division and cell movement on each other is not mutual:
failure to undergo cell division does not necessarily
disrupt cell migration. For example, in Drosophila
embryos mutant in an activator of cyclin-dependent
kinase 1 (Cdk1), cells arrest permanently in G2 at about
3 hours into embryogenesis, yet gastrulation occurs [2].
This is unsurprising, because the interphase cytoskele-
ton should be compatible with cell migration. It is when
cell division occurs inappropriately that cell movements
are disrupted. The disruptive consequences of under-
going cell division when gastrulation should be occur-
ring have been well documented in Drosophila.
Mutations in the tribbles gene allow future mesodermal
cells to enter mitosis ahead of schedule and in doing so
disrupt mesoderm invagination (Figure 1C,D) [3–5]. The
new work in Xenopus [1] has extended this relationship
to vertebrates, and suggests that inhibitory phospho-
rylation of Cdk1 is a conserved mechanism for
coordinating mitosis and gastrulation between insects
and amphibians.
Cdks are key regulators of cell cycle phases and  are
subject to multiple mechanisms of regulation specific to
cell type and cell cycle stage. For example, changes in
Cdk levels, cyclin association and abundance, subcel-
lular localization, substrate availability, activating phos-
phorylation, inhibitory phosphorylation and binding of
inhibitors can all affect Cdk activity. Although many
mechanisms might have evolved to ensure that cell
cycle duration is appropriately regulated at morpho-
genetic transitions, it appears that, in Xenopus and
Drosophila at least, a common control mechanism is
the regulation of Cdk1 activity via phosphorylation and
dephosphorylation of tyrosine 15 (Y15). Phosphoryla-
tion of Y15 inhibits Cdk1 activity, while dephosphoryla-
tion by Cdc25 family phosphatases activates Cdk1. The
tribbles gene encodes a kinase-like protein that lowers
the level of String (Cdc25): in tribbles mutants, String
accumulates prematurely in the future mesoderm; con-
sequently these cells enter mitosis prematurely and
mesoderm invagination fails [4].
Cdk1 is phosphorylated on Y15 by Wee1 family
kinases. In Xenopus, Wee1 is maternally deposited in
the egg but the Y15-phosphorylated form of Cdk1 does
not reappear until cell cycles slow during the midblas-
tula transition and then persists through gastrulation
(Figure 2) [1]. To address the role for this modification,
Murakami et al. [1] used anti-sense morpholino oligonu-
cleotides to deplete maternal Wee1. This prevented the
appearance of phospho-Y15 on Cdk1 at the midblas-
tula transition, increased the mitotic index and caused
gastrulation defects. Conversely, overexpression of
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Figure 1. Schematic representations of the actin and
microtubule cytoskeletons in migrating and dividing eukaryotic
cells (top) and of the consequences of entering mitosis
prematurely in Drosophila tribbles mutants (bottom).
(A) A migratory keratocyte. (Adapted from [12]). (B) A cultured
human cell in mitosis. (Adapted from [13]). Red, microtubules;
blue, actin filaments; brown, nuclei; green, centrosomes. 
(C) Cross section of a wild-type embryo showing mesodermal
precursor cells (blue) invaginating into the interior of the embryo
(red) in the direction of the arrowhead. These cells initiate
mitosis only after invagination. (D) Cross section of a tribbles
mutant embryo showing mesodermal precursors that entered
mitosis prematurely and failed to invaginate on schedule.
(Adapted from [5].)
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Cdc25A in the rapidly dividing Xenopus embryo causes
similar developmental defects. Changes in cell cycle
length were not directly measured after these treat-
ments. Presumably, however, regulation of mitosis via
inhibitory phosphorylation of Cdk1 is important for
stalling the cell cycle as Xenopus embryos transit the
midblastula transition and initiate developmental pro-
grams requiring gross cytoskeletal remodeling.
What might be the trigger for the developmentally
important lengthening of the cell cycle? In considering
this question, it is worth noting that the slowing down
of the cell cycle is gradual and precedes gastrulation. In
Xenopus, cell cycles lengthen during midblastula tran-
sition, and possibly earlier (Figure 2). In Drosophila, the
lengthening of interphases during those cycles 11–13
that occur on the embryo surface (‘cortical’ cycles) has
been documented by several groups [6–8,14]. Two-
photon laser-scanning microscopy recently allowed Ji
et al. [9] to observe the earlier cycles that occur in the
embryo interior. While cycles 4–7 were found to be con-
stant in length, at cycle 8 the interphase length started
to increase gradually. Furthermore, depletion of mater-
nally supplied cyclins seems to contribute to slowing of
the cell cycle prior to gastrulation. In their earlier study,
Edgar et al. [10] found that mitotic cyclin levels remain
steady during the early cleavage cycles in Drosophila,
and begin to oscillate beginning around cycle 8;
maximal oscillation was seen to occur as embryos
underwent the maternal-zygotic transition (similar to
midblastula transition of frog; see below). Reducing the
maternal gene dose of cyclins A and B lengthened the
duration of cycles 10–13. Ji et al. [9] demonstrated an
inverse relationship between maternal cyclin B gene
dose and interphase length for cycles 7–11.
Another model from Drosophila suggests that an
essential DNA-replication factor(s) becomes limiting as
the number of nuclei increases. This would slow DNA
synthesis, thus triggering a DNA replication checkpoint
that blocks mitosis (and so lengthens interphase). Con-
sistent with this model, embryos deficient in maternally
supplied products of checkpoint genes, grapes (Chk1)
and mei-41 (ATM/ATR) fail to lengthen interphase in
cycles 11–13 and do not progress beyond the cleavage
stage [6–8]. Ji et al. [9] found that grapes mutants did
lengthen interphases 8–10. Collectively these data
suggest that cyclin abundance contributes to timing the
interphases of cycles 8–10, while cyclin levels and DNA
checkpoints co-operate to time interphases 11–13.
Given that Wee1 and Cdc25 homologs are direct
targets of the DNA damage/replication checkpoints in
many eukaryotes, cell cycle slowing before gastrulation
may also rely on Y15 phosphorylation. Accordingly, in
Xenopus, the increase in cycle length at midblastula
transition correlates with the degradation of Cdc25A,
which requires prior phosphorylation by Chk1 and an as
yet unknown kinase [11]. The increase in cycle length at
midblastula transition in Xenopus also correlates with
hyper-phosphorylation of Wee1. Autophosphorylation
of Wee1 increases its tyrosine kinase activity towards
Cdk1, and the concomitant loss of Cdc25A results in
increased abundance of phospho-Y15 of Cdk1 (Figure
2). Premature induction of Cdc25A degradation prior to
midblastula transition in Xenopus did not cause Cdk1
Y15 phosphorylation to increase, perhaps because
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Figure 2. A schematic representation of
cell-cycle times, cell cycle numbers, and
levels of cell cycle regulators during
embryogenesis in Xenopus (top) and
Drosophila (bottom). 
In Xenopus, inhibitory phosphorylation on
Y15 of Cdk1 (black line) is absent during
the rapid cleavage cycles, but re-appears
as cell cycles slow during mid-blastula
transition (MBT) and subsequent
gastrulation. This occurs as the responsi-
ble kinase Wee1 becomes autophospho-
rylated (red line), a modification that
increases Wee1 activity, and the phos-
phatase Cdc25A declines in levels (green
line). An analogous situation exists in
Drosophila, where phosphorylated Y15 on
Cdk1 (upper black line) becomes readily
detectable coincident with the onset of
gastrulation and is accompanied by a
decline in the level of the fly Cdc25
homolog String (green line).  In addition,
cyclin levels begin to oscillate starting
with cycle 8 (lower black line). The
requirement that cyclins re-accumulate to
a sufficiently high level for each mitosis,
as well as a DNA replication checkpoint,
are proposed to regulate the timing of
mitosis in division cycles 8–13 that
precede gastrulation. There is little
information regarding levels or
phosphorylation status of Drosophila
Wee1. See text for details. (Adapted from
[1,9,10].)Current Biology
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[11]. So it appears that both degradation of Cdc25A
and upregulation of Wee1 activity are required to slow
cell division at the midblastula transition in Xenopus.
A key developmental transition in embryogenesis of
frog and flies is the onset of transcription from the
zygotic genome. Indeed, the initiation of transcription of
many zygotic genes that occurs at midblastula transi-
tion in frogs and the maternal-zygotic transition in flies
has been thought to require stalling of the cell cycle and
interphase lengthening in particular. It is therefore inter-
esting that zygotic transcription was found to initiate
with normal kinetics in Wee1-depleted Xenopus
embryos (although the spatial distributions of tran-
scripts were abnormal, perhaps as a result of gastrula-
tion defects [1]). This suggests that cell cycle slowing,
needed for gastrulation, is dispensable for initiation of
zygotic transcription. 
These results from Xenopus are in agreement with
analyses of mei-41 mutant Drosophila: zygotic
transcription of many genes failed to initiate in mei-41
(or grapes) mutants that do not lengthen interphase.
But the reduction of maternal cyclin A and cyclin B
gene dosage rescued zygotic transcription in mei-41
mutants without restoring interphase length [8]. Again,
cell cycle lengthening is clearly not a prerequisite for
zygotic transcription. What aspects of midblastula and
maternal-zygotic transitions regulate the onset of
zygotic transcription, and how zygotic transcription is
tied to mei-41 and grapes remain mysterious.
Despite our understanding of early embryonic
divisions in fly and frog, many questions remain. For
example, what times the earliest cleavage divisions
(2–12 in frog and 2–7 in fly)? How is the very first cycle,
with its special features, such as cortical rotation in
Xenopus, regulated? Which replication factors become
limiting to slow down cortical cycles, if this is indeed a
developmentally regulated mechanism? What triggers
Wee1 autophosphorylation at midblastula transition in
frog? Is cyclin depletion tied to nuclei number and if so,
how? Answers to these questions will help us appreci-
ate the complexity of biology that appears so effort-
lessly accomplished by the model embryos in question.
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